The effective Lagrangian formalism provides a way to study the new physics effects at the electroweak scale. We study the Higgs pair production via the vector-boson fusion (VBF) at the Large Hadron Collider within the framework of the effective field theory. The effects from the dimension-six operators involved in the VBF Higgs pair production, particularly O Φ,2 and O Φ,3 which are relevant to the triple Higgs self-coupling, on the integrated cross section and various kinematic distributions are investigated. We find that the distributions of Higgs pair invariant mass, Higgs transverse momentum and rapidity are significantly altered by the operators O Φ,2 and O Φ,3 . These features are helpful in disentangling the contributions from the operators O Φ,2 and O Φ,3 in triple Higgs self-coupling. We also provide the 5σ discovery and 3σ exclusion limits for the coefficients of O Φ,2 and O Φ,3 by measuring the VBF Higgs pair production process including the sequential H → bb decays at the 14 TeV LHC.
After the discovery of the 125 GeV Higgs boson, the next important step is to perform detailed study of this new boson [1, 2] . The Higgs self-couplings are extremely significant for understanding the electroweak symmetry breaking (EWSB). The Standard Model (SM) contains triple and quartic Higgs self-couplings. The measurement of the quartic Higgs self-coupling is a serious challenge even at the foreseen collider, such as the Future Circular Collider in hadron-hadron mode (FCC-hh) with colliding energy of 100 TeV [3, 4] , while the triple Higgs self-coupling is accessible through the Higgs boson pair production at the Large Hadron Collider (LHC) and the FCC-hh [5, 6] . The searches for Higgs boson pair production performed by the ATLAS and CMS collaborations have shown that the upper limit of its cross section is corresponding to dozens times of the SM prediction [7] , and there is still room left for a beyond Standard Model (BSM) interpretation.
Since we do not know the specific form of the BSM theory and no new particle BSM has been observed, we can investigate the new physics by adopting the effective field theory (EFT) approach [8] . In an EFT the SM is considered as an effective low-energy theory, while the higher dimensional interaction terms appear in the Lagrangian providing an adequate low-energy description for the physics BSM. Actually, the effects from many new physics models arise to the first approximation at the level of dimension-six operators [9] , and that makes it a very popular EFT approach for LHC searches of BSM.
In the SM the gluon-gluon fusion (GGF) mechanism provides the largest cross section contribution for the Higgs pair production [10] . The effects of dimension-six operators on GGF Higgs pair production have been studied in Refs. [11] [12] [13] [14] [15] [16] [17] [18] [19] . The vector-boson fusion (VBF) Higgs pair production mechanism yields the second largest cross section and offers a clean experimental signature of two centrally produced Higgs bosons with two hard jets in the forward/backward rapidity region [20] . In this work we investigate the details of the VBF Higgs pair production at the √ S = 13, 14 TeV LHC so as to derive information regarding the dimension-six operators relevant to Higgs couplings. The paper is organized as follows: In Section 2, we introduce the dimension-six operators concerned in VBF Higgs pair production at the LHC. Section 3 presents the calculation and analysis strategies. The numerical results and discussion are illustrated in Section 4. Finally a short summary is given in Section 5.
Theoretical Framework
Assuming baryon and lepton number conservation, the full EFT Lagrangian takes the form as [8, 21, 22 ]
where Λ is the large scale of a given BSM theory, the experimental bounds on neutrino masses indicate a strong suppression by Λ ∼ 10 14 GeV [23] . L SM is the SM Lagrangian, O The nonrenormalizable higher dimensional operators induce the partial-wave unitarity violation by leading to rapid growth of the scattering amplitudes with the energy. Once the coefficients
are fixed, this fact constrains the energy range where the low-energy EFT is valid [25] . In this EFT the lowest order operators that describe the new physics are dimension-six operators.
In the LHC physics at the present phase, the operators with dimension larger than six are generally only sub-leading with respect to the dimension-six operators and can be neglected, excepting some cases with special symmetry constructions [26] . For simplicity, as a first step we adopt the single dominance hypothesis that all the anomalous couplings except the dimensionsix operators are zero in this work. This assumption might be valid in a variety of BSM theories, e.g., in strongly interacting BSM theories, the pure dimension-eight operators at the amplitude level will interfere with the weakly SM amplitude at the cross section level, thus, giving a natural suppression in comparison with the strongly A O (6) × A O (6) contributions, and the technically contributions of dimension eight at the cross section level due to O (6) × O (6) contributions can be neglected.
The tree-level VBF Higgs pair production at the LHC involves the fermion gauge couplings, agreement with the SM predictions at the per mil level and the operators that modify these couplings are severely constrained [27, 28] , we neglect the new physics effect on the fermion gauge couplings. Considering the C and P conservation, there are nine dimension-six operators which modify the Higgs gauge couplings and Higgs self-couplings. We expressed these operators in the forms as [25] O
where Φ stands for the SM Higgs doublet
G + and G 0 are charged and neutral Goldstone bosons, respectively, v denotes the vacuum expectation value (VEV), H is the SM Higgs boson,
µν with g and g ′ being the SU (2) L and U (1) Y gauge couplings, respectively, and σ a (a = 1, 2, 3) are the Pauli matrices.
The dimension-six operators in Eq.(2) are classified into three sets,
The operators in set A (i.e., O BW and O Φ,1 ) contribute to the oblique electroweak precision parameters S and T at tree level [29] . The measurements of S and T lead to stringent bounds on the two operators, and thus it is reassuring to neglect the effects from O BW and O Φ,1 [30] .
The operators in set B are related by two equations of motion of Higgs and electroweak gauge bosons [21, 27] , therefore only two of them are independent operators. The operators O Φ,2 , O Φ,3
and O Φ,4 in set C are related to another dimension-six operator O Φ,f by an equation of motion of Higgs, electroweak gauge bosons and fermions [15, 21] , where O Φ,f is given by
and f L and f R are SU (2) L doublet and singlet fermions, respectively. It implies that each operator in set C can be expressed in terms of the other two operators in set C and O Φ,f . Based on above mentioned facts, only four independent dimension-six operators are considered in the 
where the coefficient
operator O Φ,2 modifies the Higgs kinetic term as
We redefine Higgs boson field as 1 + v 2 C Φ,2 1 2 H to obtain canonical form of the Higgs kinetic term. This redefinition shifts all Higgs couplings with SM particles and Higgs boson mass. The effective Higgs potential is given by
where the additional term − 
For the VBF Higgs pair production at a proton-proton collider, the 
HW W HW
with
The corresponding coupling constants are given by
and
HHW W = 1 4
where s W = sin θ W , c W = cos θ W , θ W is the weak mixing angle, g = e/ sin θ W , and e represents the electric charge of positron. The effective Lagrangian for triple Higgs self-interaction has the form as
with g (1)
3 Description of calculations
Now we calculate the effects of the dimension-six operators
and O Φ,3 , which govern the VBF Higgs pair production at the LHC. The precision analysis of the VBF Higgs pair production process shows that the NLO QCD correction is of the order of 5 − 10% and reduces the scale uncertainty of the LO integrated cross section to a few percent [10, 31] . In our analysis the NLO QCD corrections are included for the purpose of more precise predictions. We perform the LO and NLO QCD calculation by using our developed MadGraph5 package [32] , in which we add the codes for calculating in the EFT theory. The Feynman rules and model files of the EFT Lagrangian are obtained using FeynRules [33] . The relevant coupling constants in the EFT are listed Eqs. (11), (12) and (14). Fig.1 shows the topologies for pure electroweak (EW) production of HH + 2 jets in parton level at proton-proton colliders [10] , where V = (W, Z, γ), and G denotes the Goldstone boson G + or G 0 . In Figs.1(1-3), the Higgs pair are produced in s-channel, known as double Higgs-strahlung mechanism. The VBF Higgs pair production mechanism is shown in Figs.1(4-9), where Higgs pair can be produced through either t-channel or u-channel. The clear experimental signature of two widely separated jets and two centrally produced Higgs bosons of the VBF mechanism offers a good background suppression [20] . The s-channel contribution tends to be sufficiently suppressed by imposing the VBF cuts [34, 35] . In order to significantly suppress the backgrounds of the VBF Higgs pair production signature, we apply the typical VBF cuts as [34] p T j ≥ 20 GeV, |y j | ≤ 4.5, y j 1 y j 2 < 0, ∆y
(1) (6) and (9) are not drawn.
where p T j and y j are the transverse momentum and rapidity of the final jet, and M j 1 j 2 is the invariant mass of the final two jets.
Numerical results and discussion

Input parameters
We adopt the five-flavor scheme and neglect the masses of u-, d-, c-, s-, b-quark in initial parton convolution. From Eq.(9) we obtain
where v has the same value as in the SM. In the numerical calculation, we use the MSTW2008(68% C.L.) PDFs [36] . The SM input parameters are taken as [37] M Z = 91.1876 GeV, M W = 80.385 GeV, M H = 125.09 GeV,
and thus v = √ 2G µ − 1 2 = 246.22 GeV. In this paper, we set the factorization and renormalization scales to be equal, i.e., µ F = µ R = µ. For the VBF process, we usually adopt the double-valued scale scheme in the LO calculation, i.e., set µ = Q 1 and Q 2 , the momentum transfers of the two t/u-channel weak gauge-bosons radiated off the two quark lines, in the PDF convolutions of the two incoming protons, respectively. However, this scale choice would be unambiguous at the QCD NLO due to the presence of the non-VBF virtual contribution 1 .
Therefore, analogous to Ref. [38] , we adopt a single-valued scale defined as 
separately, and find that the differences from the two scale choices are less than 2%.
Recently, an analysis of the LHC Run I measurements related to the Higgs and electroweak gauge sector combining with the triple gauge vertex results from LEP data in the framework of an effective Lagrangian has been given in Ref. [40] . There the authors update the constraints on the coefficients of dimension-six operators, and present the allowed 95% C.L. ranges of the coefficients C BB , C W W and C Φ,2 as
There they do not introduce ad-hoc form factors to dampen the scattering amplitude at high energies because they verified that there is no partial-wave unitarity violation in the different channels for the values of the Wilson coefficients in the 95% C.L. allowed regions, except for very large and already ruled out values of f B . The operator O Φ,3 only affects the Higgs self-couplings which are largely untested so far, and therefore the coefficient C Φ,3 is essentially unconstrained [7, 30] . In our analysis we follow the way used in Ref. [40] without introducing form factors.
Integrated cross sections
We calculate the LO integrated cross sections for the HH + 2 jets in the SM at the 14 TeV LHC with the scale µ = M H , VBF cut constraints of Eq.(15) and the input parameters in Eq.(17).
The LO cross section contributed by all the s-, t-and u-channel diagrams in Fig.1 is obtained as σ (s+t+u) = 0.808(2) f b, while the cross section from only the t-and u-channel diagrams (i.e., the VBF diagrams) is σ We see that the scale uncertainty of NLO is much smaller than the LO. In following analysis we shall focus on the discussion based on the QCD NLO corrected results by taking µ = µ 0 unless stated otherwise.
As mentioned in section 2, only the dimension-six operators in the following reduced sets are considered for the VBF Higgs pair production at the LHC:
The constraints on the coefficients C BB and C W W are substantially more stringent than on C Φ,2 and C Φ,3 [40] , and the latter two coefficients directly modify the Higgs self-couplings. In this subsection, we investigate the influence on the integrated cross section from each of the four dimension-six operators, and also analyze the joint effect from the two operators in each reduced set in Eq. (20) .
In Figs.2(a) and (b) we display the contour maps of the relative discrepancies of the integrated cross section, defined as δ(
, on the C BB -C W W and C Φ,2 -C Φ,3 planes, separately. Fig.2(a) shows that most contour-lines of the relative discrepancy δ(C BB , C W W ) are nearly parallel to the C BB -axis, and δ(C BB , C W W ) can exceed 28%
in the whole plotted The dependence of the integrated cross section and the relative discrepancy δ C i , defined as 
reach 357.9% and 197.3%, respectively, at C Φ,2 = C Φ,3 = 7. and 3σ exclusion limits to study the constraints on the coefficients C Φ,2 and C Φ, 3 . We assume that the new physics effect can be discovered and excluded if
respectively, where ∆σ(
and L is the integrated luminosity. We discuss the 5σ discovery and 3σ exclusion limits via measuring the cross section of the VBF Higgs pair production process including the sequential on-shell Higgs-boson decays of H → bb. We define the leading b-jet (b 1 -jet) as the one with the largest transverse momentum among the final four b-jets, In the discussion we collect the events by taking the constraint for the leading b-jet as
and the transverse momentum and rapidity limits for the other three b-jets as
Assuming the branch ratio of the Higgs boson decay H → bb having the value same as in the SM, and we obtain Br(H → bb) = 60.70% by adopting the program HDECAY [42] and cannot be observed, separately. We can read out from Fig.4(a) that, the O Φ,2 effect can be observed when C Φ,2 < −3.8 TeV −2 or C Φ,2 > 2.2 TeV −2 , and cannot be observed when
We can also read out from Fig.4(b) that for L = 600f b −1 , the O Φ,3 effect can be observed when C Φ,3 > 2.8 TeV −2 , and cannot be observed when C Φ,3 < −4.7 TeV −2 or −2.7 TeV −2 < C Φ,3 < 1.7 TeV −2 . Figure 4: The 5σ observation area (light gray) and the 3σ exclusion area (dark gray) for the VBF process pp → HH + X → bbbb + X with the cuts of Eqs. (23) and (24) at
Kinematic distributions
Now we study the influences of the dimension-six operators O Φ,2 and O Φ,3 on the kinematic distributions of the VBF Higgs pair production at the 14 TeV LHC within the single operator dominance hypothesis. The relative discrepancy of the normalized differential cross section with respect to the kinematic variable X is defined as
In Figs.5(a) and (b) we depict the normalized distributions of the Higgs pair invariant mass,
i.e., d /dp T distribution is not affected by the non-zero coefficient C Φ,3 in a noticeable way. 
Summary
Higgs self-couplings trigger the EWSB and are very important to reveal the nature of the Higgs boson. We investigate the influences of the relevant dimension-six operators, especially O Φ,2 and O Φ,3 , on the VBF Higgs boson pair production the at the 13 and 14 TeV LHC. We included the NLO QCD corrections in our analysis for the purpose of reduce the remaining scale dependence.
We find that the integrated cross section is particularly dependent on the dimension-six operators can induce expressly quite different distribution shapes from the corresponding SM prediction.
These features are very helpful in discriminating the signature of the new physics from the SM background, and distinguishing which dimension-six operator initiates the physics beyond the SM. The 5σ discovery and 3σ exclusion limits on the coefficients C Φ,2 and C Φ,3 by measuring the VBF pp → HH + X → bbbb + X process at the 14 TeV LHC are also discussed.
